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I ARD (CKTOOt> rO» &Z.KCTftXCAUY 3 



dflld at Lfta UrrmtiOT 

The preeent invention re la tea to ntnoa&rurtureo, ud nor* 
particularly to a eyttca «n4 oathod of electrically irduced breakdown ot 



PancrlpMen of Palnr^rt 

In the f laid o« aoleculer Mnooxeetreale*. fvw noterlala a how «g 
cue* promae aa aenotub ee . ud in particular carbon nanotubee. which 
cocprveo hollow cylinder* of grcphit*, ftonvtrone ia diuot.tr. Slanotubea 
can tea sede into tiny »lcct rente device* rush aa dlodaa and translators, 
dopendln? on the naxtotutoa'o electrical characteristic*, uanottbaa axa 
unique for thair aloe, shapo, and physical properties. Structurally a 
carboa ennotube rescables a boxascnel 1 Attica of carbon rolled into a 
cylU 



Besides exhibiting intriguing guantua bahevlero at low tonpsraturo, 
carbon nanotubas exhibit at loaat two liQortaet characteristic*! a 
nenotube cap ba oithar aatalllr or aaai conductor depending on it< 
cblrellty (i.e.. eonforeat tonal geoaetry) . Matallic aanotubee can carry 
aatxucoiy large eurrent dcjultlee with constant resistivity, 
•ealcoaducting aaaatubee can ba electrically witched on and of f aa 
f t«ld-ef f«et treniletoxo (FBTa> . Tho- two typo a oay bo eovnlently joined 
f'hsriog electron* | , Thcto characteristics point to nanotubao aa otccallant 
natorisla for waking uoowt«r.»iMd sonl conduct or oirculta. 



Currant aotboda of studying nanotubaa rely cn cho xendon f oroation 
of both natal lie and a en i con d uct ing nanotubwe. Thar* ia no known net hod 
for reliably preparing a oenotube having particular eharaccarlatlea < touch 
loss for preparing naneteboo to exhibit junctional behavior aucb as 
transistor*, dlodaa, ate. tour are there known aothoda of nanoeube 
aepaxatlno by •elective aynthoala or poet-eyutheele which bare proven to 
h*»» enr aaesumbl* level of eucceae. Hereto tor a, nanotubaa east have 
either been individually separated fsea nlstureo of oat all to and 
oeaiconducctng nanotubaa or readonly placed over an oloctrodo to be 
etudled. However, there ia no observable o 
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TUia laeb of control, cevpauaded by nanctubae' tendency to bundle 
tog other, has hindered the atvdy of nanotube pbyuics And io aaen a» « 
priEuxy roaCfclock in the nenotabo dcnroleptMnt Including naaetube«b*eed 
electronic technology, iterator*, a »a«4 exleta for a *r*t«a wad enthod of 
preparing nanotube* having dccLred characteristic*. 



Accordingly , the in»oaticn prnvldae a GAtbod tor feraiag a dovico 
conj-riting the etepa of, providing a aubatrate, providing a plurality cf 
neaorubea in coat ace with tie »b*tr*te, and aeloctivoly breaking a 
naaotubo using an electrical current, preferably the eethod further 
cscpcleee tb« sup oC depletiaa a ocnicccductlng aaaotube of Ofri«n 
uaiag as elcctcls current. 

Preferably depleting a oeaiecedttetteg aaaarube of m plurality of 
carriers further eoo^rlaoo tea atep of applying a voltage to a gate 
electrode ca tbe eubetrac*. Preferably tho cached cocprJota the atop of 
applying the electrical currant thro^h the nanotube fren a source 
ttlactrode to a drain olrrtrci*. 

Preferably, the plurality of eaaotubc* are emlti •walled nanorubee 
including entail lo and eesicoaductlag aanotubea. Preferably the cat bed 
coeprl»ea the atep* ex eelectivalr breaking includes braaktng an cuter 
retail 1c i 



Preferably tho plurality of uaaotuboo are eingle-walled nanotube 
ropea including netalllc and aeelcooduatitg Baaotebea, wherein tbe etap of 
breaking include, breaking at laast one wet* I lie nanotube. 

JO 

Preferably the aAaottbe* are provided at • denalty between a 
aenoleyer end about l/loth of one percent coverage. 

Preferably tha mibatrat. ia an inaulater and include* an array et 
15 re tell Jo pada. 

Preferably tho eubotrate lo alllea baaed and include* tbe array of 
uetallic pad*. 

40 Preferably each pad laelndea one of a ecurce olactrode, a drain 

electrode, and a gate electrode. 
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Preferably providing a .ub.trc*. 1. acoeopi i**^ using litnography 
to for* an array of pads. ,.eh pad including * corccopondixM, electrode, or 
an i-ovulttlcg rub*tr*ta . 

PxoforeMy the nanotufcee *x# w t>o£ .w*>-c±ci. 

Preferably th* t»thnd further coeprleee th» atop at breaking a 
plurality of stray mnotubeo. 

According to another aspect, th. invention proviso . cothod of 
codifying at laaat una characteristic of a nanotubo. cecprtaloa rfca a top* 
°* pre,vl<lln 9 • ct * tU5 ° of maotubao. and applying a currant to the 
mixture, inducing the selective breakdown of tha naootub. oi*tux». 
Preferably tho onthod further cooprisee roooviag carrier, fro* a 



Preferably the currant selectively broafte a*ta2iic oanetuboa. 
Preferably the povar opplled to the oixture lo about S00:W. 

Preferably tbn nanotube la on. of a auitl- vailed nanotuba and a 
elngle-wallad aaaotubo ropa. 

Preferably tho characteristic la ona of dia-eter. danaity. and 

Preferably the alxtmo oocprlaea r«t«nic mod sea^cooductlna 
baa. 

Preferably tho currant danaity is greater than 10* A/cn». 

According to another aspect, tha praaaat invention provldaa a netbed 
fox forming a device providing so insulating subatrat. cc-prfing a source 
electrode, a drain el act: rod*, and a gate electrode, providing cartoon 
nanotube bundle* lnolcding eoteUie end aenlcoaductlng coaptmm nacotubaa 
in contact vita the eubatrate, therein the nanetubee are provided at a 
dee*ity of about one pe««t covarege. further coapriiing applying a 
voltage to the gate electrode to deplete tho semi conducting coepeneat 
nanotubaa of carriers, applying an electrical currant through the 
nanotuba. free a eouxo* «l«ctred« to a drain electrode, end breaka at 
leevt one aetalMo oosponent nanotuhe to torn a field effect traunlstor. 



(18) 



3P 2004-517489 A 2004.6.10 



rrr/GBOM»5?j5 



Fxetarably th* earhon nanotube bundle can bo a auZtl-wallod nanotubo 
or a eiogle- vailed nuactubo ropo. 

mar tntscnzmoa at rm Dunnes 

Prerorjcd asbodlocat© of the pc«»ont U«oatlca will bo described 
below in oore dot ail. -It*, xazoraoce to the icwafM/tng dre«lnga, 



Figo. la, lb, and ic are dlegraa* of a nenotub* and coaavliuoat 
Haxngooal riiyj*; 

Fig. 3a la a dlasraa showing * sultl»»ell»d nanotubo j 

Fig. ttlii dlegT** shewing a eingle-valled auwfdw rcpe; 

*lg. » la a graph of tfc* partial electrical broaVdowc of a 
mlti-wellod nanotubo At constant volt ago mr tine; 

Fig. ta It « gxapb abewlag the lew biaa conductance alternatives 
botweoa accacendactlng and wet el lie behswlore due to tbe charging uum 
of tba outorcoet aha 11 of a cult i-wal lad aanotubo at oacb a toga of 
breakdown; 

Fig. «b to a graph Showing tba condoctonoo of tho rcaajnlsg 
ee-lccaducting ebelle attar tba last, awtalllo aboil has been renaved fro* 
a aulti-wallod nanotubo » 

Fig. k U a tab la shewing tba relationship between the 11 cunber, 
diftfwter, and tba relative bond gap energy, 

Fig. I la a graph showing tba currant (Z) voraua voltage tor oacb 
snail of a culti- walled nanotubo i 

Figs. 4a. *b, at, fid anew several conversions ot xandon mix cur a a of 
ooleccler conductoro (aanetttboa} Into oaol conducting field effect 
transistors! 

FSg- ta a diagran abowtng an array of electrodes* and 
Fig. ?b la a Olegrao of a elagle-walled nanotubo rope baaad field 
effect translator including a source, drain, and gato. 



I to the present Invent ica a awtbod of permanently nod* tying 
a ooltl- walled nana tube (MWTT) w a einglo-walled nonottibe (cm) rope or 
bundle 1» provided. A nanotube can bo *u>talllc or ocnieacducter depending 
on it* cbirallty It. a., eesfomtloaal 9*000 cry) . Botn epeolee on round 
in Hwrr» and ffXWTa. A netfeed according to the present Lev cat ion una* 
current -induced •lectrlcel breakdown to elislca.ee individual nanotube a 
caving a particular cheract Miotic. Tba cot hod la able to tailor tba 
properties of a ccnpoalte 1 
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Mnotwb«». It about d be noted that while tha prteir.t invention) la 
described using eertxm based iwnolub«s, the llluatr*- iv» Kathode *ra 
applicable to *ny nolecular itmcturc in which « current: can be *tpliod 
»©l«**tiv»ly to particular ■urf *c» trau. For exesple. too present 
S Aavttnttcn can «1m be and in baron-nit rice fB») end astel dlcbalcogonlds 

(KXaJ b*ici naooatrUCtUreO. 

Corhcr. nanotubea can withstand currcct Ocnottieu exceeding ic» Ajc*>, 
id pert Am to tfce etreagtb of «»Aon'to-c»rbon bond* to.g.. the bead 

10 strength for * elnglo C-C bead la about 1 41 kJ/aol) . Cltictately however, 

at high enough currants, nouotube* will Call. Tot oxanplo, for a Kkpt, 
failure occur* m air at a cortala threshold power, e.g., spprexifaately 
S00:W, above which the rapid oxidation of th« euteraoat carbon shell la 
initiated. Tower la equal to currant tiees ttva potential difference 

IS U-Q.. voltage) . because beat induced oxidation of defect- free graph! to 

only pzecaeda at exhxeaely blob tespera turee, e.g.. »30Cv^C the prisary 
factor in tfeo breakdown initiation according to the present Invent ion la 
currant-induced defect formation, wltfc soil -beating being a aacondary 
effect. 

39 

Referring to vig. la. a naaotjubo 103 Include* a hexagonal lattice of 
carbon or other caloculee , In the caae of carbon, a ring 104 eaa be built 
including alx carbona covslently bonded to one anotbsr. pig. lb abowa an 
individual carbon ring, oacb int or sect ion io* Indlcataa an Indiriduol 
3$ carbon atcn, bonds are alao indicated at 10 ». An eltarnetlvo ecructuro i« 

a bcron-nltrlda ring, on* for* la abowa in rig. tc. The boron-nitride ring 
■ay Includes three boron eteac, e.g.. no, banded to three nitrogen atone, 
o.g., 100. in an alternating pettern. 

30 ay taking advantage of tba current -induced defect formation, a 

Mtbod according to the preoent Invention selectively breaks 
current- carry Le« nanetubee without effecting petal lei naaotubee in cases 
where the parallel nanotabea carry little or no current. For exatple, 
WWTb aa abown in Pig. 2a. favor the outoraoat ahell 103 beoaueo it la in 

35 direct contact with external elect rodce (e.g.. a aouree and a drain). Tbla 

distribution can leave the lnnercoat eballa carrying little or no current, 
which protects tbsm during currant- induced ox id* t ion. tn e swrr rope, 
abown in rig. lb. individual neootnfees (e.g., 103) axe arranged la 
parallel. The distribution ot current through a g*mt rope la more uniform 

40 than through a wnrr bocauea the individual nanotubca of a start rope can be 

alavulteneeualy in good contact with the external elect rodea . 
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Generally there la w rwion fox « curroat to f evor com awr« over 
other*, bswmr. according tc en catoociaont of cho present invention, an 
olocrrcataticelly coupled goto electrode cen •eleetivelr depWte the 
coepntent seedoaaduet lag ointvba* of their c»rrlara. In other words, for 
a SYKT or wnrr which open* a Bourse electrode end * drain electrode, by 
applying a voltage to * corresponding gate electrode, carrier* c*n be 
depleted frcei the ecopenent Rccdceoductlng oanotubee . Once depleted, t.he 
ccsU conducting nenotvbeo are protected free* damage, and high currant 
deasltlea applied to Che SWT or KWf by the source oleatcoda cmi be used 
to initiate oxides lea of the component oetalllc nanetubee. Thue. these 
eotboda can protect >*al conducting nanotubee within a SWT rope as veil as 
ea o«ter aoniconductlnQ *«irr otoll . The reoowl of cartoon neaotvbea frtte 
the eo coxpoelto ccrutactora can bo obeerved both electrically and through 
oicrosoopy. Blcctrlcelly. the breakdown of • el ogle carbon nanotubo 
reeulte in a partial conductance drop, typically completed in a few 
alllieeoende. Uhee atreeeed at aufficlcmtly high blee, cuitiple 
independent drops occur at one carbon ohell after another lo broken. The 
olactronlcs ueed la the breakdown are capable of controlling the number of 
nenatubos broken, ppon •eneixc; a drop In current, e.g., about 19 'A. the 
electronic* are afclo to atop the broakdown proccas. thereby controlling 
the exhibited cberactorletlcs. 



Referring to Fig. J, the partial oleetcicel broeJtdcwa of a WOTT at 
constant voltage etrete proceed* in a warier of discrete acopa 
corresponding to the lote of eight individual layers of the won. Theoe 
rooulte wore obteined at a power of about 4S0:W, and « poasctUl diffcxrace of ibout 2 
vote. The regular breakdown in current of about 1*A por stall can also be 
•eea in Tig. %. * doeraese in radius of a partially broken «WT lo eguel 
to the interahell epecing (9.34u>) tl-eea the number of completed hroaJtdawx 
•taps. A alnilar thinning can be accomplished with a 3VHT bundle with 
set «1 11c oorre toolng selectively broken leaving only the eendcondectlng 



The breakdown is iided by the sensitivity of nanotuboa to external 
stresses, elnos relatively caali electric fields and our rent a oan affect 
individual roleculeo. Per exasple, a scnl conducting nanotub* inn in 
dlaaotar can be el octree tat leal ly depleted of electrical carriers by a 
eats electrode hundreds of nanoxatere away. The current dcnalty 
(sufficient to affect nanotubo breakdown) acts ea a catnlyat. initiating a 
chenlcel xoactlon between the nanotubo and eurrouadlng gaeaee. fox 
example, for a cartoon nanotube la air, the reaction can he written est C 
(nanotubo) ♦ o, (pan) •» CO, (gaa) . 
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Tfe » P«« •nt lnvontton alao contemplate* other ocvicorcronta, wtoeraln 
nondcatzructira rurcent-aaaleted raact lane caa chomicaJly -aoAlty particular 
nenoeuboe. Tba resulting dovicoo could lncorparata both elactrical 
ruritcliicff and cfcenicni eeneitivity. *ar axmtpla, using « nanotuba'e 
»ea#lUvity to varlau* fteeea. cbaaical nodlCloetlen can be us»0 in tba 
ccataxt; of « Chenieai annoitMor, whore a change in til* conductivity of « 
nauoweaaor (iia&otube) algaale the presence of * percleular g««. 



Tbo ccntrolled destruction of nmaotuto* ft 1 lows for tha separation of 
aoai conduct iro GWITs troc odxturw of flKVT* (including oat alii c and 
aaelcosductlng 8*icto> and the preparation of nanotubo- baaed f laid effect 
translators (mm). It should &1m bo rated that, thn tnetboda disclosed 
heroin can be uaad to prepare trouaiatoro (a. 9.. a FF7» , diodes, and 
reaietors, depsadleg on the char acta* tot ico of the ennotubea and tha 
doaJgo of tta substrate. 



rundawmtaUy, tbo procoae can facilitate the study of tha conplox 
electronic •tructuroi and transport proportion of KWfTo and awwr ropoa, ay 
reoovlixg the atraaa (currant) at tbo occurrence of Individual occdttc tanco 
scope. tia«ft conpoelta sAnowimt My ba re -characterised upon tba lose vt 
each constituent conductor (nanotubo) . Characterisation refara to, for 
exaepla. tbo conductanco properties of a WOT or SWT rope f roa one etaga 
In tha braaXdowi proc*»* to another. Multiple conploncntacy transport 
raeaaureaanta can, for axacpia, probe daaper and deeper into tha innor 
shells of a "W. allowing for the characterisation, aa wall aa a direct 
of transport 3 tbreush each aba 11 . 



Tba different ebelle of a K»VT are proeuned to alt ornate in 1 
faahlon bat Kaon oetailic and semiconducting. Thlu can ba directly tooted 
by Mnino cor trolled breakdown fol lowed by low bine or low temperature 
meeurencats. wblcb probe the tmteraoax shell of a »oarr. roll owl eg 
prewietu aaanirmats en swn». tba seed conduct lag and natal 1 1c aballe can 
ba differentiated by OMMrlag tbo conductance O aa a function of gate 
vol ta^a Vg velng a relatively waall. lOmV cource- drain blaa . A retail ic 
■hall la chart otort rod by a q which Is independent of Vg, or nearly aa. 



acting ahell can be aloccroetatlrally depleted of 



Referring to Pig. aa. by halting tba atraaa upon each braahdown 
event, a KKVT amy bo characterised after tba loaa of each cunatltuaat 
eholl- rig. <a ebowa the low blaa conductance (OCvg>» alternataa botwean 
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«Mlccaducting (e.g.. 432 and 406} and mi*1 lie <a.g., 4041 behaviors due 
tho ciAcoicg nature or the ou to roost oholl at »wcfc etagt* of brnaJulown. 
In rig. «b, when the laet aotalllc shell <n-9> be* been renewed, tho 
rcooinlng eao4 conducting ahalls ceo 2m owpUttly depleted to give ragiooa 
s of aoro conductanc e. Taking the indicated pMkt in OfVg) to correspond to 

coa±ictAuc» and valence bond th*» band gaps of dif f«rant aboil a car. 

too daterntned within ■ constant or proportionality. The relativn widths 
agree with calculation* baaed on the expeoted dlaaoter dependonco a* >twn 
in Tig. «Of in which tho only peranetere ara tba initial dloMttr of the 
1© tubo and the 0.1 4na spacing between adjacent aha lie. 

?ig. 4« show* tbo rooo tesporaturo OiVg> for various dif far car 
labors within a K2WT. Initially, tba MHKT baa a dlenater of S.Sao, n 
•balls, and a notalllc otvgj . rig- 4a shows tba tenng coduletien in Qfvgl 
IS observed aftar raaovlng chroo abella 402. eeooving a fourth layer results 

in a nataUic OfVg) 404. and rooovlng tba sixth shall produces anotbor 
aeolconducting oivg) 40«. Thin variation la Interpreted ae a signature of 
ths alternating ohsractec of tba carbon eholls bo tag reaovod. 

20 lbs fact that O does not Call to loro for a particular 

sooiconductieg shall is dve to tba contribution of Inner natal lie stalls 
which cent lima ta c otduc t. Shells a-1 and a- 4 dcaanatrats lMh tho 
depletion ainLcam of the OlVg) cum for shall nO coincides vltb tba 
conductance of the underlying; shall n-4 40 1. Sn this caaa. the outer, 

35 oonlcondnctlng nnell no can bo fully depleted by the gat*, but tho 

veasurod coaductanca includes laafcago through the undo r lying out si 11c 
shell. Additional woeswnononts show that this leelcagw is energetically 
frozen out in tba low temperature, tba low bias lime indicating that tho 
inter aha 11 coupling ie thermally activated. The gradual thinning of kwts 

10 and OWKT ropaa can be reealved 1 rmj . for axas^le. at oat e /area and 

oca nn lag electron aloroacopy with a linear correspondence bet-aon tba 
nuubar of breakdown etcps snd change in apparent dianster. 

Upon renewing ths tenth carbon shell, ths KWWT begins to behave Ilka 
1* a perfect, intrinsic fiold-effeet transistor (rST> , with a region of sero 

conduct anco uvnn at roes takers turn due to the eesplete depletion of 
carriers (e.g., Pig. 4b). Similar characteristic* ara Sound for individual 
secU conducting SWT*, though the SKMTs used were strongly p-typo end did 
sot have syccatrlc Q(Va> characteristic*. Tho coapleto depletion of the 
40 joott indlcateo that no cot all ic sheila remain, and tbio behavior pore la to 

until the fourteenth carbon aboli is rsoovsd, aL which tine the KWWT 
circuit opens, nseod on the knows intoraboll spaaing of nearly O.ltnn. a 
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MMKT of this di»«oatar can have at i 
tho aho 11 -ty- obalX count . 



at ffturtoon shells, in agroesaat with 



rig. 4b Chows tiw gr*du^l Lxraio of tha uro conductance regies aa 
the tiael seal conduct lag shells ere fomvwi. The width of till* region la 
proportional to tS« hand gap (the ccergy neecea to break a band) o£ tiw 
«»»lcavbetflf», with conduction above sod below the gap due to 
alectroo-liko and Lola -Ilka caxxieci, roepect I vcZy . Dua to the u*o of Mgh 
voltage pulse* to break «htll», eosce resrrengeoent o£ trapped chargse 
occurs oo an underlying sio, substrate. To eicpltfy the coaparlsca aaong 
shall*, the curve shewn La Fig. 4b la car- tared near v s -a. a character lo tic 
or ooel cessduct ine eaxboa nenotubes la the t the head gap energy la 
icverseiy proportional to disaster, ao that progressively saeller ccrboa 
* halls exhibit larger bead gape, the width or the bead gap determining the 
type of eat oriel {conductor, semi conductor. Insulator) . using only the 
initial KBVT diameter sad the icteraholl spacing, the expected rat tea 
between bead gap of the tune moat shell* can bo calculated. Aa shows la 
rig. 4o, tbeae ratios eyres with the experimental rahloe, as defined by 
th* conductance peaks oa either aide of tho conductance gap and indicated 
la Wg. 4e. 



referring cow to rig. 5, by recharacterising the wot alter the loss 
tails, the contribution ol eech shell to the X-V caa be 
Saaed oa the uniform apacing of the Bssjooaco of I-Ve, each 
shall saturates at tho saae current, a ad that ell shells contribute to 
conduction at moderate aad high blaa . The dashed Una ladloatas th* 
position of aa 1-V which waa ant aoquirod. X seal log plot of ao looted X-Vs 
indicates • tendency towards exponential 2-Va for the laaaraoat shall* duo 
to the elf active barrier between then aad the external electrodes, similar 
barriers likely play a role la all shall* except the outernoet one, asd 
explain the aoal laser Itles obeervod la sons Kxsrra but not othoio 



Fig. * sho«e « sequence of high bias current -voltage character* et ice 
<1-Ve), affectively re •characterising tho MWT with n, n-l, n-l; stc. 
shall*, until only a single shall remains. High blea X-VS satot bo acquired 
In high vacuum, e.g.. « Imilliber or In en inert envtrca**»t, to suppress 
destructive oxidation. Setweea each curve, the KWT was exposed to air la 
order to co-it reliably remove single carbon shells. Fcur-prob* and 
two-probe neaaur events were perlodlcelly compared to monitor the contact 
reelstsaco (act to oecb aaaotube. The data shown bora are for eesplas 
exhibiting ceneteat Re of e few kObes throughout the series of 

Sarplot with high Zo taad to fail at the oeatact. < 
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to tbo Shell-by-aholl mechanise de«crib#.rt heroin. Bach l-V shows currant 
saturation at * steadily increasing bias, ol=Jl&r to that oboorvcd in 
Individual OThT*. but at cuch higher currant o. The tswral of oecb shell 
fro*» the MMttT «FP<wr# to decrease this saturation level by • fUvd seouat 
S of appraxleetaly 25pA. la *9»tc«t With Fig. 1. this atopfcry-stsp 

decrease clearly Ind tests s s nigh blss. that sil of the icafr shells 
contributa to transport and saturate equally. 

Baftldes tb« decrease of Um curttn: •etureLion value, tho sequence 

\0 of I-Vs in rig. 5 slso exhibits increasing nonlinserity ss shells ore 

reaoved. A aentlog plot of eclocted 1- Vo shows tha trend tree s linear 
I-V towards on oApcnratial character let 1c of the fona X - A e*p(v/v.> , with 
V. * o.Sov. Apparently, «• ti_nco2 ley baxrlar Co«inafcae ths J-v of U» 
tcnerrcat aboUs. cost likely because tboss sbslis on only couple to ths 

is asternal slsetrodas through s barrio r cocrpOMd ofi cany graphitic layers. 

For Intermediate shslls. tot in direct ccntsct with tto elect rods a, ths 
unusual snaps of tho eusBurtd f-Vs can bo undorstood qualitatively so dun 
to a depth- dependant berrior in nsriso vltb a nettotttbe's intrinsic, 
longitudinal l-V characteristic . this sskIss barrlsr oaplalne tho gradual 

so increase of toe bias required to ranch currant astumtlon shove In rig. 9. 

rurtberaero. ths transit loo from linear to nonlinear t-Vs observed bora, 
sod ths abundance of alalia? nonlinear I-Vs reported In ths literature 
suggests that craccpcrt oxparixente often do not directly contact tho 
current- carrying carbon shell of s nbott, but rather contact tha partial or 

35 incomplete shell • typlcelly obssrvsd by trensnlsalea sleet coo niercseopy. 

rigs. 4a, 4b, 4o and I confirm tha varying nature of NHVT shall*, 
quantitatively addxess the coupling between theas shells, and attempt to 
Isolate the contribution of a single shell to the overall conductance. 

)C Until now. theory and experiment nave been divided over these Issues. On 

one hand, XXN7S sre too cocplex to real 1st lcsUy nodal theoretically. «od 
on the other hand no esperlsente hsve been ablo to directly probe the 
inner cerfcoa shslls. 7hs powerful technique of controlled breakdown 
introduced hers bse the potential to provide nee insights into the 

S» transport prepare los of theso ccepleoc conductors, zn addition, a MWirr can 

be selectively converted betsesa metal and soalconduoters with different 
bend gaps. 

The nethode described for KSTt can be applied to SKttT ropes. 
*« Although both none and overs are coxposlto oanetubea, cwri exhibit so=m 

differences. Per oxacple, anltlple CTfUTe within a raps can be In contact 
with their potentially oxidising nnvlronxnnt. allowing the sinultansoua 
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folluro of »s*ay carbon «hoK* rttUt then, the uniforn, ahaU -hy-oh-ll 
failure obasrvod In a MaiT {e.g.. rig. 3). in addition, I ho a*wr* wicMn • 
rope do not olaccxoatatlco) ly shield etch ether *J» of festively •« tho 
•boll© of a KKOT. An * result, tbo breakdown io a ropo can b« dir»ct«U 
oololy at the notallic WKi by depleting tbo ao»lcoodactlag smi of 
coxxioro (la tbla ceao. Vg ie hold at »10V during tho stress to depicts 
tb. pradoadnaatly p-typ* stntre of carriers). Carrier densities in carbon 
based smrro can range froa about 103 to about 1000 oloctrcne/m Another 
difference la that oath SWtT la a amI! ropo cotweto incapendestly to the 
eszexael aloctrodae. Sai, nor* *o than for a Mm, a ropo say bo ajodeled 
aa independent, parallel conduct or» vita total conducranro ofvgj » a. * 
CUVg>. vherr a. is tbo contribution of the entente Banotubee and a, la 
tbo a *to- dependant conductance of the oavi conducting m 



*sf erring to rig* . aa aod 4b, by stressing a swt mpa including a 
aixtur* ef MAiconduetiaa; aod set-oil lc «orrs whllo olasiltaaeoaaly gating 
tbo bundls, tbo semi conductors aro doplttod of carrloro in the eslectlvo 
breakdown of tbo natal He swrro. Tbo Initial xnerr buodlaa «02 and gov 
Include bctb wulUc and ssmlceaducting MCi, vhlle the thinned SWT 
busdlea <04 and «Cf laclcde far higher proporttoae of ssnl conducting 
dorrs- bike vt so. seed. conduct lag aanncube shells of toon's can be 
affectively In aula tod be dsplatlag tbo shells of carrier* using sindlar 
aethoda aa thoae for Stosf. Tbua tbo braokdowa of a can be controlled 

to yield desired characteristics (e.g.* iBetalllc or eealegaductiag) . The 
aal active breakdown of a eorposite naaotube eaa bo explained by tbo 
relative dependencies of retail ic and aesdeonduct Lag nanotubea en a 9s to 
voltage. The conductance of autalllo uaotubeo show little dependence on 
»*-• voltagaa, hwtvnr, tho ocavluctanco of nonconducting ntnotufec* 
oahlblt a strong depaodeace on gate voltage. 



in Plgo. «a and *h. at positive goto voltagee. tfca 
conductance of tba cmr approaches roro. while at negative gate voltagae. 
tba eosa^ictaaee lacrosses aa osrxioie aro added, rig*. 4a and <b depict 
0(Vgl for two asall SWT ropea before and aftar controlled breakdown 
respectively. Tfcc unperturbed staples bavo a conductance which can bo 
partially nodulated by tba gate al act rode, ouch like tha caaa for kxht». 
aa tbo Metallic ftCWTs la tan rope are destroyed, tba underlying 
co nd u ctan ce <*. decreases to aero, in contrast, tha extant ot Modulation o. 
does not change. The aossuxoceals Indicate that, by depleting the 
a»lccaductlng SPCdTo of carriers during the breakdown proceea, they can be 
aff actively protected froa daxmgo. Thta reault euggeati little electron tc 
iotorocticn between different <mvr» in a ropo. Haeeurcooata of chaogea In 
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the tosperature dependence of o(v 0 ) rrotiid addraa* the i»tu* of 
intortctienj and datoruXnc at what energy raogo, « any, ouoa Intorectioao 
bocoaes important. 

»ltb the saniocnducting StfeTs uaatfartad. the a(Vg) curve l« rigidly 
lifted dowwarde according to tha wtribatioo of tbe Metallic SSRVTe . 
Refarr-ing to Mj tfc. #v*n for very Urge ropoe ccettuining hundradc of 
cwr?9, those m^Im oan be effectively cunrertod into ?ETo. Kovovor, i» 
thio cadi tbe gradual decrease of a» halt a bafore it xeachee aaro, 
presumably beeaue* ustsllic cwxTa at tba com cf tho ropo are encased by 
oooiccMduerirvfl SKwra. The ultimate doot ruction of theoo *ea.kly-cotjnlad 
ootollic SWrrTs can require higher voltages and pay sacrifice) oeoo 
vucrouadtns semiconducting 6XUTa. k* • roault, • ropo with canny 
acaisfwvri-rlrg chsnnels and a large, Initial Bodulaclcn 3» >icu* taay caiy 
rwsuit la a rrr with a* - ipa. 

Besides being usoiul for the a tody of XWrro and OXKT interaction*, 
tho control lod hroekdnvo technique lo ortrcooly valuable for the 
fabrication of nanotube- based electronic devlcee. Until now, SWOT PBTo 
have been fabricate* individually. Typically, vary Iw surface coverage 
boa ensured Mwt at uost ooe sxm eocnacta a aource drain electrode at 
this dsaolty, neat proopactivo circuit* reealo diacozraocted bet sons 
incorporate a cetalllo SXHT while others nave a soaicosducting SWT. 



dm teehnigue baa proven valuable for the initial 
characterisation of BXTT tropertles, practical applications will need 
rollablo generation of noey dovicaa In parallel. Achieving donaaly packed 
WTO, for oxaaple. nseds purely o«nii conducting SXVZu at a auCf leicnt 
density to interconnect all of tha desired position*. Tbe aanotubos nay 
bo provided by known technique*, rucb as. io-altu graven by ebeaicel vapor 
deposition or grown on- situ and depoaitad. Dish surfne* dotsltlss favor 
cniltlple OWTe and Bejrr ropes, which due to tha variability of SHOT 
properties, aro dsnlaatod by coatalllc tubas, uaslesa as *eol conduct lag 
channels. At present, no oethod is known to exlat for tbe syntbesls of 
purely semiconducting ffKWr* or for the eeparatlon of son! conducting fiWWTs 
frc« swmt nlxturoa . 



aoSorriag to Pig. 1m>, a bowleg a snail array of indepeadaatly 
eddrooseble sktt rxT. fabricated using standard lithography. An array of 
oat all ie pads leg., T»« la provided, eacb pad includes a source to*. 
drain 70€, or gate electrode 702. The sabot rat* for cbooo pads can bo any 
insulating notarial, preferably el Ilea based. The combination of ooha trace 
and metallic pads la referred to oa tha substrate for the nanotubes. Bach 
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Wrr Ineludos * sourn, a drain, a gate, and at least cn« nanot use 
ccrjietctiag Uw source end cba drain- Tba nanotubo* nro provM»<5 to connect 
ooch source to * corr«apoadlivj drain. Ret •? ring bow to Fig. 7b, a gate 
oxida 738 eeparatea tivo gate 702 froo tko electrodes (?S4. 704> . Tha SWT 
density c«A be adjusted to ensure chat at la»ot oat ropa (9.9.. 7ic> 
•host a ovary act of alacrrodae while nlnlalziag tha unwanted concert l oca 
bat wean devices. Tratacably, tha density of nsnotubet has do thickness. 
o.g.. is less than a ocnolayer or 1001 coverage. $000 rooulte hava shows 
that deasitlss or loss than one percent ura ■ufCieiant to axurun* that aach 
(Burce-drtla pair la connected by at lea at one nnaotube, though densities 
ao low a a about 1 /10 th of 000 percent of tha aubetrat* can also prorldo 
connectivity fer aach • ©urea-drain pair In an array. Ropes becveen afturce 
end drain electrodes te.g.. 7l0> ara coavartad into snrr* by aaloctlvo 
braokdcvn cf natal lie nonet ubes, vfcilo stray caBetubee wn resovwd 
entirely by ceoplece breakdown. 

Although these ropes initially show little or no cwiccLio? because 
ot choir natal 11c constituents, final dovicas vith good FET 
characteristic, can ba reliably achieved as shown In Fig. 66. Ooca rosults. 
indicate that tho generation ot SWHT FDTs can bo achieved with groat or 
than 90* certainty froa a dlcordezacl starting aatorlnl. 71g. ed t\ — tirtn— ■ 
r* suite for thirty- two device* incorporating on* or wore StfHT ropaa. 
Before codification, e.g.. *io, tha rorwturranco of individual ropes warlos 
widely duo to tha distribution of rope sites as wall aa contact, affect*, 
and vary few devices can bo substantially depleted by tho gata. 



Open breaking tha natallic fltWTi, the conductance of aach rope is 
daoreaao but the reewUnlng channel la solely conducting end can bo 
fully depleted. The result leg devlcoD have roasonablo TOT oharactorietlcs 
Halted prinarlly by contact seaietancs, a difficulty which is balng 
addressed separately. Multiple, snail swrr bundlen can be produced by 
cbeulcal vapor growth and can alleviate the dlfflcultlee encountered with 
large bundlae and reaolt In TCT» having excel lent conductivity and 
witching ratios. 



da application has focused oa the particular ays tan of 
tha seats principles nay apply broadly to various 
aoleculer electronic* syetens. In general, arrays of nolecular dovicos can 
ba produced by dealga ualag external slsetricnl neane, without a nood for 
actual control at the nanooeter ooalo. Olacrerinnscy codification allow 
for tha definition of useful electronic elanonte from a rendon tdxturo. 
Although this solution ha* boon applied to solve the problan of variation 
inherent to carbon nanottbeo, one skilled In the art would soo in light of 
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cha proacTrt diadsaur* th«t elnilar rooutto can i* achieved unlng alxtiaroe 
of otfcex rolocclaa. 

H*Tin^ deeoribcd anted of a #y*toa amJ oetbod for ecgintorlng 
$ carbon woofob** #n4 nanotubs circuits using: elecsriual LrstUcwj, it lo 

-otcd ch-it acdlflcafclona »oJ vAriatloeo caa b* udt l*y persona anil lad 1a 
tia «t la light of Um Bbov* teachings. It Is z*a;*1ow to bo understood 
that changes =*y bo oade In cbe particvl"- es&edlsjencs at t±* tnv«ntlca 
dJaelo**d which *ro wlthfe tAo SCOpo AAd spirit of tbo iimmtiaii am 
10 dafinad by the encoded clelns. Uavlag thus dtscxibod thm Invention 

tbo details and particularity required by tba j*n»t lava, vaat It elalned 
and desired proteetod by Letters Parent le mm* tor in th 0 appended clalna. 
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X. A Mttfid for fcnxlcg * daviee cecals I no the *?m?m of i 
tr=wi<Jii%g a cuborrmt*, 

providing a plurality ef nenaeunaa in cent act with tfco nDo;rutoi 

and 

nlootlvalr breaking « uanotube u*lng an oloctirioal currant. 

3. Tbe cethod of clii» 1, w^arcin the oubetrate la an instil atlas 
oubetrate. 

>. THe net bod of clain \, further cn^rlalj^j the etc? of deplatlog « 
aselceo&wtlng aaaotube of a plurality of carrlare. 

4. Ti« nathod of dele a, ebarein. tho step of depleting a 
eeaicondaetiag nanotcbe of a plurality of carrier* further cocprlaea the 
»tcp of flying a voltaga to a gate electrode en thv substrate. 



a. tfca aathod of dais. 1. Virata, tna plurality of naaotubaa are 
single-welled nenetuba rcoea or cultl-valled naeotubee including act alii c 
and aasleoaduetina nanotcbee, 

7. *bo «MLhod of d*lf» c, eoenrWee the atep ef selectively breaking 
Include, breaking an cuter octal 5 lea nanotubo, or breaking at least one 
metallic aaaotube or breaking a plurality ot a tray nanetiiboa. 

0. the cat hod of claim 1. efeereln the nanotubea are carbon aanctiiboe. 

9. A catted of oodifyiag at least one characrarletlc of a nanocuba 
ccaqprioiag the a tana of s 

providing a mixture of nanotuboor and 

applying a current to the mixture. Inducing the sal active breakdow 
of zha nanotube nlxturo. 



lO. The sothod of clain », further conprlalag the ntep ot receviag a 
plurality of carrier* fro* a seaU conducting nanotube. 
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.11, th» «v)lboH of elaifa 10, wW»tn the current aalaatlvoly bmake 
5»tililc nawtubau . 

*3. A not tod for Seralng * dairica cocpriaiiv) tfc* m^+pm of i 
5 providiog aa Insulating rofestrato incltdirvg a *cur«i elect rod*. • 

Orals cl«ctxoda. and a gate alcetrodoj 

provldl^c a plurality of carW n*»ttl« b^iei Including oatallle 
and tfaalccciduetln? cocaponant oanotuboa la coot Ait wifca t&a substrata, 
afcaxeia ti* ftaaotuboa «rt provided a>t a danaiey cf about <xk> percent 
10 covar«yc; 

eTplylng a v^ltace to tto gate electrode to deplete the 
scnai ccrdact isg cospooeot n»notuboo ot a plurality of carriers i 

•ppl/irjs an electrics! currant, tnreuga Uio wMtub*. <w a aource 
•loctxsde to « drain aleetrodsj «ad 
15 breaking at least one fcatalUo cespcacat nana tube to Com a Meld 

of fact translator. 
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